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ABSTRACT. Organic matter and nutrients cycled by fine root turnover were quantified 
in a mature white oak (Quercus alba L.) stand and compared to contributions from 
litterfall. The budget method, a revised version of the traditional repeated sampling 
method, was used to measure root turnover. The magnitude of the live and dead pools of 
three size classes of fine (<5 mm diameter) roots were monitored bimonthly for 14 
months. Decomposition rates over these intervals were also measured, while production 
and mortality were calculated. Litterfall was collected simultaneously, and the nutrient 
concentrations of the various detritus components determined. Root pools fluctuated 
less, and total root turnover biomass (220 g m~? yr~') was also less than previously 
noted in most other stands studied. Fine root turnover accounted for 30% of the total 
detritus production and 20-40% of the turnover of the five macronutrients (N, P. K, Ca, 
Mg) studied. Differences with previous studies suggest that there may be rather large 
species and/or site-related differences in the amount of energy various stands allocate 
for fine root maintenance. For. Sct. 33(2):330-346. 


ADDITIONAL KEY WORDS. Quercus alba, root production, root mortality, root decom- 
position, budget method. 


ORGANIC MATTER AND NUTRIENT BUDGETS of forest ecosystems have tradi- 
tionally ignored belowground biomass production or treated it allometrically 
(Bray 1963, Whittaker and Marks 1975, Hermann 1977). Fine foot turnover 
has either been omitted (e.g., Rochow 1975) or considered a minor compo- 
nent (Whittaker et al. 1974; Gosz et al. 1976). Recent studies, however, in- 
dicate that fine root mortality may produce up to five times as much detritus 
as litterfall, and fine root production may constitute as much as 69% of net 
primary production (Harris et al. 1977, Santanonio 1978, Agren et al. 1980; 
Grier et al. 1981, Keyes and Grier 1981, McClaugherty et al. 1982, Nadel- 
hoffer, et al. 1985). Estimates of the nitrogen required for fine root produc- 
tion are in the range of 33-75% of total N uptake (Henderson 1974, Mitchell 
et al. 1975, McClaugherty et al. 1982, Meier et al. 1985, Nadelhoffer et al. 
1985). Such large inputs of detritus to the soil would be expected to have 
major impacts there: Phillipson et al. (1975) estimated that 27% of the CO, 
evolving from the forest floor surface of a beech (Fagus sylvatica L.) stand 
was due to decaying fine root detritus; Edwards and Harris (1977) attributed 
32% of the CO, emitted from a yellow poplar (Liriodendron tulipifera L.) 
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forest floor to the same source; McClaugherty et al. (1984) estimate that fine 
roots are the source of from 25% (northern hardwoods) to 36% [red pine 
(Pinus resinosa Ait.)] of soil organic matter in their study forests. 

The sheer magnitude of these fine root turnover estimates demands that 
they be compared with turnover quantities in other forest ecosystems. Most 
of the studies to date have been on coniferous forests; a major forest type in 
the eastern United States—the oak-hickory forest—has not been studied 
intensively. The goals of the present study were to quantify fine root turn- 
over in a white oak stand in central Missouri—in regard not only to total 
organic matter, but also to five macronutrients, N, P, K, Ca, Mg—and to 
compare this data with turnover quantities estimated for other forest eco- 
systems. In order to place these quantities in an ecosystem perspective, the 
organic matter and nutrients returned in the litterfall of the same stand were 
also measured. 


Methods 


SITE 


The study was conducted at Ashland Wildlife Area in central Missouri 
(38°40' N, 92°12’ W). Mean annual air temperature is 13°C with a January 
mean of — 1°C and a July mean of 26°C; soil temperatures commonly range 
from 1°C to 23°C. Mean annual precipitation is 939 mm. The 0.2 ha study 
plot was located on a flat (0Q—6% slope) ridge top (elevation, 240 m), which 
has retained its loess cap of 1—2 m. The soil is a Weldon silt loam, an Aquic 
Hapludalf, fine-silty, mixed, mesic; a yellowish-brown silt loam A horizon, 
25—45 cm thick, overlies a mottled, plastic, silty clay B, 50-75 cm thick. 
The 22.4 m*ha~! overstory was heavily dominated by white oak (91% of the 
basal area), with some northern red oak (Quercus rubra L.) (7%), pignut 
hickory (Carya glabra (Mill.) Sweet.) (1%), and sugar maple (Acer sac- 
charum Marsh.) (1%). Understory and shrub layers were dominated by 
white oak, sugar maple, and pignut hickory, with sugar maple becoming 
increasingly important in lower dbh classes. Ring counts indicate the stand 
was approximately 105 years old at the time of the study. 


THE BUDGET METHOD 


Fine root turnover was quantified using the budget method (Joslin and Hen- 
derson 1982). This method is a modification of the more traditional repeated 
sampling method (Edwards and Harris 1977, Santantonio 1978, Persson 
1978, 1979, 1980a, 1980b, Grier et al. 1981, McClaugherty et al. 1982). Like 
the repeated sampling method, the budget method relies on summing incre- 
ments or decrements in the quantities of roots; however, unlike the more 
traditional method, which fails to account for the simultaneity of root mor- 
tality, production, and decomposition, the budget method recognizes this 
simultaneity and attempts to measure each process separately. Because de- 
composition, mortality, and production commonly occur simultaneously, 
methods which equate any of these three with net changes in the dead, live, 
or total pools of roots, produce underestimations. 
The budget method is based on two relationships: 


production = net A total pool + decomposition (d) 
mortality = net A dead pool + decomposition (2) 


These equations can be rearranged to produce two other important equal- 
ities: 
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decomposition = mortality — net A dead pool (3) 
production = net A live pool + mortality (4) 


The budget method requires direct measurements of the sizes of the live 
and dead pools at the beginning and end of a given time interval. With such 
information on the net changes in pools, one only need measure one of the 
three remaining transfers. If either production or mortality or decomposi- 
tion are known, the other two can be calculated. We chose to measure de- 
composition and to calculate production and mortality, using equations (1) 
and (2). 

Problems with repeated sampling methods have been discussed in depth 
elsewhere (Persson 1978, McClaugherty, et al. 1982). In its recognition of 
the simultaneity of root turnover processes, the budget method resembles 
Santantonio’s (1978) ‘‘balancing transfers’’ approach. The budget method, 
however, avoids statistical problems with that method caused by the accu- 
mulation of errors in a positive direction; the budget method, in contrast, 
allows the possibility of negative values during any particular time interval. 
Though conceptually anomalous, this allowance of negative values is neces- 
sary to prevent overestimations due to (a) the stochastic nature of the calcu- 
lated variables (see Persson 1978) and/or (2) fluctuations in carbohydrate 
levels, which may be erroneously counted as real mortality. The inclusion of 
this second source of error—noted by others (Harris et al. 1977, McClaugh- 
erty et al. 1982)—results when net losses in carbon due to root respiration 
or translocation to other plant parts, are synchronous with decreases in the 
mass of structural root material (true mortality). Such resultant overestima- 
tions of mortality can be avoided by allowing ‘‘negative growth” during any 
given time period. Such fluctuations in carbohydrate levels can be expected 
to cancel each other over the annual cycle. A method similar to the budget 
method has been employed in estimations of aboveground turnover during 
old field succession (Wiegert and Evans 1964). 


SAMPLING 


The standing pools were sampled 6 times over a 14-month period (1 April 
1981, 2 June 1981, 31 July 1981, 1 October 1981, 29 March 1982, 1 June 
1982). Thirty cores, 10.2 cm in diameter and 22 cm in depth, were taken at 
each date with a steel cylinder equipped with a hole saw blade and mounted 
on a portable gasoline-powered posthole digger. Sampling points were ran- 
domly selected from a permanently marked grid system. Cores were washed 
through a 2 mm sieve, and the remaining nonroot material was removed 
with forceps. Roots were sorted using calipers into four size classes (<1 
mm, 1-2 mm, 2-3 mm, and 3—5 mm), oven-dried at 105°C, weighed, and 
ashed at 500°C to obtain ash-free oven-dry weights. 


Live: DEAD DETERMINATION 


The ratio of living to dead roots at each sampling date was determined from 
30 separate samples; each sample was a composite of four samples taken 
with a 2.0 cm diameter soil probe to a depth of 22 cm. Roots were stained 
with triphenyltetrazolium chloride (TTC) according to procedures used by 
Knievel (1973). After staining, roots were sorted into size classes; root seg- 
ments >] mm diameter were sorted individually into live and dead based on 
the presence of the red stain (reduced TTC), firmness of the tissue, and 
color of the cortex (white = living; brown = dead). To determine the living 
percentage in roots <1 mm diameter, a bulk extraction technique was used; 
reduced TTC (formazan) was extracted from samples of roots <1 mm, and 
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the spectrophotometric absorbance of the extractant at 480 nm was com- 
pared to that from standards consisting of entirely live roots. Detailed 
methods and calculations of the percentage of live <1 mm roots, including 
corrections for extracts from dead woody fine roots, are described by Joslin 
and Henderson (1984). Percentages obtained by these procedures were ap- 
plied to the sizes of the total root pools to obtain the sizes of the live and 
dead pools. 


DECOMPOSITION RATES 


Decomposition rates were measured using buried root litter decay bags. A 
mixture of live and dead roots was collected from shallow (approximately 15 
cm deep) pits randomly located in the forested area around the perimeter of 
the study plot (but outside a 15 m buffer zone). Roots were cleaned in the 
manner described for standing root pool samples, air-dried, composited and 
mixed, sorted into three size classes (<1 mm, 1-2 mm, 2-5 mm), and 
stored in a freezer at — 10°C. Samples of 200-500 mg (air-dry weight) of 
each size class were inserted into mesh bags (mesh size = 250 øm; the 
material could be readily stretched by mesofauna to create holes 1.1 mm in 
diameter). At two-month intervals (April 1, May 31, July 31, October 1, 
February 26, March 30, June 1, August 2) (winter interval was five months), 
30 samples of each size category were buried approximately 3 cm below the 
0 horizon, and previously buried mesh bags were removed. 

The ash-free oven-dry weight for each diameter size class was determined 
after removal from the bag. Determining ash-free oven-dry weights of the 
material prior to field insertion required the measurement of percent mois- 
ture and percent ash in separate samples (n = 10 for each size class and 
date) at the time the air-dried samples were buried. 

Control litter (n = 10 for each size class and date) underwent the same 
sorting, weighing, and handling as those inserted in the field (including 
transport to the field, burial, and removal) but were immediately returned to 
the laboratory and placed in a freezer at —10°C. This control procedure, 
designed to determine if any material would be lost from the mesh bags 
during handling, revealed no significant change in mass. 

Weight loss corrections were made in order to reflect the rate of weight 
loss for the bulk of the dead pool. Previous work on root decomposition 
(McClaugherty et al. 1982, 1984) indicates that during the initial year a bi- 
phasic linear model can describe weight loss well; during the 1-2 initial 
months, weight loss is generally more rapid than subsequently. These ele- 
vated rates are apparently related to total nonstructural carbohydrate levels 
—a relatively small fraction of the root biomass (<10%) (McClaugherty et 
al. 1984). 

By simultaneously examining weight loss from decay bags over three con- 
secutive short intervals (one month, two months, and two months) and a 
coterminous long interval (five months), it was possible to calculate the 
amount of material involved in the ‘rapid decomposition” phase: 


[1—(P,—X)] [1 -(P3—X)] [1-(P3-X)] = 1 — Pr- X) (5) 
where X = fraction of initial material involved in “‘rapid decomposition.” 


P P,P, = fractions lost during sequential short intervals (1 or 2 months). 


P, = fraction lost during long interval (5 months, encompassing short 
intervals). 


As these calculated ‘rapid decomposition fractions”’ did not differ signifi- 
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cantly among root diameter size classes (<1 mm:6.0%; 1-2 mm:4.4%; 2-5 
mm:5.1%), a pooled mean value was taken as an estimate of the rapid loss 
component. This mean value (5.2%) was quite close to the percentage of 
soluble sugar (3.2%) found in subsamples of these air-dried litter bag roots 
(Joslin 1983). We interpret this rapid-loss component as predominantly the 
result of the leaching of readily soluble materials (largely nonstructural car- 
bohydrates), as did McClaugherty et al. (1982, 1984). This component was 
subtracted from the separate litter bag periodic weight loss fractions for 
each 2-month interval to provide an estimate of the rate of the predominant 
slower decomposition phase over those intervals. 


DECOMPOSITION QUANTITY 


To calculate the total amount of decomposition between time 1 and time 2, 
three components were considered: (a) the loss from the decomposition of 
dead roots existing at time 1, (b) the loss from the decomposition of mor- 
tality between time 1 and time 2, and (c) the “‘loss’’ of fragmented roots. 
Value (a) was obtained for each size class by multiplying estimates of the 
size of the standing dead pool at time | by the percentage weight loss in 
litter bags (adjusted for the rapid loss fraction) from time 1 to time 2. 

In order to calculate value (b), the calculated mortality for the time in- 
terval was assumed to occur at a constant rate. Using the rate of weight loss 
measured in litter bags, the decomposition of this mortality was integrated 
over the time interval. 

The addition of value (c)—loss of fragmented roots—was necessary be- 
cause the mesh size of the litter bag (250 um) was smaller than that of the 
sieve used for washing roots (2 mm) from core samples. Consequently, re- 
cently fragmented root material (i.e., organic matter passing through the 2 
mm sieve) was ignored in calculating value (a). 

To calculate (c), samples of material passing through the 2 mm sieve, but 
retained by a 500 um sieve, were collected during core washing. Grier et al. 
(1981) report that almost no root material passes through a 500 um sieve. 
Subsamples of fine organic matter retained on the 500 zm sieve were exam- 
ined very carefully, and the material recognizably of fine root origin sepa- 
rated. Assuming that this ‘‘fragment” root pool was in a steady state (i.e., 
additions to it from fragmentation equal losses due to decomposition), we 
calculated the rate at which fragments leave the pool retained by the 2 mm 
sieve and enter the ‘‘fragment’’ pool. This rate of fragment movement is 
simply the turnover rate of the ‘fragment’ pool times the size of the pool. 
The assumption of steady state for this pool appears justified given the sta- 
bility of the <1 mm pools (Figure 1) and the slow rate of decomposition. We 
conservatively assumed that the turnover rate of the ‘‘fragment’’ root pool 
was the same as that of the <I mm root material captured by the 2 mm 
sieve. This assumption appears reasonable in light of the fact that decompo- 
sition rates did not differ significantly between root diameter classes. 

Fragmentation was a significant component of decomposition, accounting 
for 40% of the decomposition estimate for the <1 mm pool. All such losses 
due to fragmentation were assumed to be from the <1 mm pool, and no 
attempt was made to estimate the rate of transfer of organic material from 
the large roots to the ‘‘ultrafine’’ root pool by fragmentation. It was, how- 
ever, believed that this rate was low since this material was observed to be 
retained within the more decay-resistant bark until most of it had been con- 
sumed by heterotrophs. The loss of extremely fine organics and soluble or- 
ganics not captured by the 500 um sieve was considered to have been mea- 
sured by the litter bag technique. 
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Som PARAMETERS 


Soil temperature was monitored weekly at depths of 5 cm, 15 cm, and 40 
cm. At two-week intervals, soil water content (% by weight) was deter- 
mined from five composited samples taken with 2.0 cm diameter soil probe 
inserted to a depth of 25 cm. 


CALCULATIONS— PRODUCTION AND MORTALITY 


Production and mortality were calculated for the upper 22 cm of the soil, for 
each size class, using equations (1) and (2). The distribution of roots in soil 
horizons below 22 cm were determined from 30 additional cores at the 
22—44 cm depth and samples from two soil pits at lower depths. Fine roots 
deeper than 22 cm in the profile were assumed to exhibit the same rates of 
turnover as those in the upper 22 cm. This assumption would appear reason- 
able through the upper 44 cm (A horizon) where soil texture, structure, 
moisture, and temperature were quite comparable throughout. B horizon 
roots may behave somewhat differently, but a 50% change in rates of turn- 
over there would result in only a 20% change in total turnover estimates, as 
60% of the fine roots were in the A horizon. Turnover rates for each diam- 
eter size class of roots in the upper 22 cm were calculated and applied to the 
mass of roots in the lower portions of the profile to determine the quantity 
of turnover for the entire profile. 


ADDITIONAL ASSUMPTIONS 


The outgrowth of roots (the movement of root material out of a smaller size 
class into a larger size class via diameter growth) was assumed to be zero. 
This assumption should lead to a slight underestimate of the <1 mm size 
class turnover. Other size classes would be unaffected if outgrowth equals 
ingrowth for them. Consumption by meso- and macrofauna excluded from 
litter bags was ignored, again giving a conservative estimate of turnover. In 
order to calculate total net primary production for this stand, a rate of dry 
matter accumulation for a similar nearby white oak-hickory stand (Rochow 
1974a, 1975) was used— 170 g m~? yr-!. 


INGROWTH CORE MEASUREMENT 


As a totally independent measurement of fine root production, we installed 
ingrowth cores on the identical study plot at the beginning of the budget 
method study period. The ingrowth core method involves the insertion of 
root-free soil cores, enclosed in mesh containers, into identically sized holes 
in the existing forest soil profile. After varying time intervals, during which 
roots may reoccupy these soil masses, the cores are carefully excavated and 
the mass of ingrown roots determined (Persson, 1979). The mass of roots 
measured is used as an estimate of root production for the volume of the 
core over the particular time interval. 

One hundred and eighty ingrowth cores were inserted into the upper 22 
cm of the soil profile one week prior to the beginning of the budget method 
measurements (1 April 1981). These cores were extracted with the same 
post-hole digger and 10-cm diameter cylinder used in root sampling. Cores 
were taken from a clearing bordering the study plot buffer zone so that soils 
were very similar; some herbaceous roots were present at the time of core 
implantation, but these were easily distinguished later from new tree roots. 
Cores enmeshed in plastic bags (mesh = 5 mm) were transferred to holes on 
site and good soil contact assured using a slurry of native soil. Ten to 15 
cores were excavated at two-month intervals over the 14-month study pe- 
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riod (June 1, August 1, October 1, March 29, May 31). Total ash-free oven- 
dry weights of tree root ingrowth were determined as described previously. 


LITTER COLLECTION 


Litterfall was collected periodically for a two-year period in eight litter 
baskets, 466 mm in diameter. Litter was sorted into leaves, woody material 
(bark, twigs, small branches), and other (pollen, seeds, caterpillar drop- 
pings, etc.), and ash-free oven-dry weights were determined as with roots. 


NUTRIENT ANALYSES 


Samples of each size class of roots (live roots selected by visual appearance 
—firmness and cortical darkness) and each type of litter were taken from 
four seasonal periods: (1) May 15—August 14, (2) August 14—October 8, (3) 
October 8-December 16, (4) December 16-May 15. Root samples were air- 
dried and stored in a freezer at — 10°C, while litter samples were immedi- 
ately oven-dried at 105°C. Root samples were later ground in a Wiley mill, 
oven-dried at 105°C, and analyzed for N, P, K, Ca, and Mg. Cations were 
analyzed using atomic absorption (Ca, Mg) and flame emission (K) spectro- 
photometry. Five percent Lanthanum in 25% HCI was added to Ca and Mg 
samples to counteract interferences. 

Total N and total P were determined using a block digester and Technicon 
Auto-Analyzer. Organic matter samples were digested in a sulfuric acid- 
mercuric sulfate-potassium sulfate solution (Gales and Booth 1978). Am- 
monium analysis was by the sodium potassium tartrate-sodium salicylate- 
sodium nitroprusside-sodium hypochlorite process, and P analysis was by 
the sulfuric acid-molybdate-antimony-absorbic acid sodium chloride pro- 
cess (Technicon 1977). 


Results and Discussion 
SEASONAL FLUCTUATIONS IN ROOT POOLS 


Figure 1 shows the seasonal fluctuations in the live and dead root pools for 
the upper 22 cm of soil during the 14-month period of measurement. Fluctu- 
ations were not large compared to most previous studies, and values were 
significantly different (P < .05) in only one instance (1—2 mm roots). The 
total live pool (<5 mm diameter) at no time varied more than 14% from its 
overall mean. Fluctuations of 50% or more have commonly been observed 
by others (Harris et al. 1973, Santantonio 1978, Persson 1978, 1979, 1980a, 
Grier et al. 1981, McClaugherty et al. 1982). Aber et al. (1985), on the other 
hand, observed several oak and pine stands with similarly stable fine root 
biomass pools, as did Keyes and Grier (1981) in a highly productive Douglas 
fir (Pseudotsuga menziesii [Mirb.] Franco) stand. Our smallest live roots 
(<1 mm) showed the largest fluctuations, but even they never varied more 
than 23% from the mean. Dead pools showed similar stability except in the 
smallest size class where fluctuations were as large as 44% of the overall 
mean. 


DECOMPOSITION RATE 


The decomposition rate (% weight loss) was highest during the August— 
September interval, showing a positive correlation with soil temperature 
(Figure 2). Linear regression revealed that over the 14-month period, soil 
temperature accounted for 36% of the variance in decomposition rate; ex- 
cluding the June-July 1981 period, R? = .71. Because soil moisture re- 
mained above 15% for all but 3 weeks, an appropriate test of its influence 
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was not possible. Our calculations of the seasonal occurrence of root de- 
composition are consistent with the estimates of Edwards and Harris (1977), 
who predicted a peak in August and a trough in February based on CO, 
efflux from the forest floor. 


JUNE 1987/ 337 


1 -25 
O Decay-% Wt. Loss per Day 
@ Decay - Biomass 
8 .20 
= 28 15 ™% 
kaj [= 
E a 
o 4 to 2 
Wi 
a 
.2 .05 
0 (0) 
30r ® Soil Water Content 40 se 
E Soil Temp 35 t 
ray 4 
2 30 $ 
Š ] 25 5 
m Oo 
_ 20 ti 
3 5 g 
10 a 
O 
5f 5 0 
-10 — = L 
MAMJ JASONDJ ‘FMAMJ JA 
1981 1982 


FIGURE 2. Rates of fine root (<5 mm diameter) decomposition and fluctuations in soil temper- 
ature (5 cm depth) and soil moisture (% by weight. upper 25 cm) over study period. Decay 
rate (% weight loss per day) refers to the percentage of initial weight lost from preweighed, 
buried fine root litter detritus bags (rapid-loss fraction excluded). Rate of biomass decay (g 
m~?d-') equals fragmentation losses plus the product of percentage weight losses and the 
size of the dead pool available for decay. 


ROOT TURNOVER 


Table 1 shows the estimates, obtained from the budget method, of fine root 
production, decomposition, and mortality for the entire 14-month period. 
Decomposition was approximately equal to production for each of the three 
size classes. Mortality was higher in the <1 mm class, reflecting a decrease 


338/ FOREST SCIENCE 


TABLE |. Fine root turnover by size class for entire 14-month study period, upper 
22 cm of soil profile only. 


Root diameter Average 
size class Production Mortality Decomposition three processes 
iia we glm? aoo 
<1 mm 66 124 63 84 
1-2 mm 19 20 18 19 
2-5 mm 33 2 34 23 
Total 118 146 115 126 


in the live pool and an increase in the dead pool of the smallest roots. The 
inverse was true of the largest (2-5 mm) roots. 

Although the average of the three processes—production, decomposi- 
tion, and mortality—is the ideal measure of turnover, it is reasonable to use 
only one of the three processes as a measure of turnover when the various 
pools and processes are in dynamic equilibrium (Wiegert and Evans 1964). 
Given the approximate state of equilibrium here (Figure | and Table 1), the 
decomposition measurement was used in all further calculations of turnover 
because it appeared to be the most accurate. The decomposition measure 
was the only one of the three processes directly measured and therefore had 
the smallest confidence intervals. According to our litter bag measurements 
of decomposition, it is a slower, steadier process than either growth or mor- 
tality, which are subject to large, short-term bursts. The slowness of decom- 
position also means it is less likely than production or mortality to exhibit 
large fluctuations during an unusual meteorological year. 

Table 2 summarizes the vertical distribution of fine roots. The upper 22 
cm, sampled intensively here, contained approximately 43% of the total fine 
root mass—50% of the <2 mm roots and 34% of >2 mm roots. Assuming 
the same turnover rates in the lower horizons as in the upper 22 cm, total 
annual fine root turnover for the entire profile was estimated to be 220 g m~? 
yr~! (Table 3). The smallest size class (<1 mm) was responsible for 54% of 
the turnover while comprising 38% of the total pool. 


INGROWTH CORES 


The ingrowth core method produced a mean net fine root production esti- 
mate of 60.5 g m~? for the upper 22 cm and the entire 14-month period. 
Forty-eight percent of this production occurred during the June—July in- 


TABLE 2. Vertical distribution of fine roots by size class. 


Soil horizon 
A B2 B3 A+B 


Root diameter 
size class 0-22cm 22-44cm 44-75cm 75-85cm 85-100cm 0-100cm 


PREP bbe Sedna EREA AAA A AT BING aee e 
<1 mm 276 (5) 66 (4) 131 (8) 67 (21) 14 (3) 554 (41) 
1-2 mm 136 (3) 75 (8) 33 (12) 26 (11) 4 (2) 274 (36) 
2-5 mm 217 (8) 145 (23) 198 (29) 66 (26) 5 (2) 631 (88) 
Total 629 (16) 286 (35) 362 (49) 159 (58) 23 (7) 1459 (165) 


Note: Vertical intervals vary in length. Standard errors in parentheses. Zero to 22 cm values 
determined from 180 cores taken in course of the study; 22-44 cm values, from 30 additional 
cores. Below 44 cm distribution determined from two |-m? soil pits. 
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TABLE 3. Calculated annual fine root turnover by size class for entire profile. 


Annual Residence time 
Root diameter turnover live roots 
size class (g m~? yr-!) (yr) 
<I mm 106 3:7 
1-2 mm 31 6.5 
2-5 mm 83 55 
Total 220 4.8 


Note: Residence time equals the size of live pool divided by the turnover rate. 


terval. Ninety-two percent of the ingrowing roots were <1 mm diameter, 
the remainder being 1-2 mm. These estimates compare favorably with the 
budget method production estimate of 66 g m~? for <1 mm roots over the 
same time and depth intervals (Table 1). 


LITTERFALL 


The two-year litterfall average totaled 518 g m~? yr~!. Leaf litter averaged 
331 g m~? yr! (64%), woody litter, 135 g m~? yr~! (26%), and pollen, cater- 
pillar frass and miscellaneous, 52 g m~? yr~! (10%). Several severe thun- 
derstorms elevated the woody litter level. Our figure for total litterfall (518 g 
m~? yr~') is very close to an average calculated for upland oak stands 
in Ashland wildlife area over a prior three year period—535 g m~? yr-! 
(Rochow 1974b). 


NUTRIENT CONCENTRATIONS 


Seasonal differences were not significant for any root material and only for 
Ca in woody litter; woody litter collected in October was for some reason 
considerably higher in Ca. Seasonal differences did exist for leaf litter and 
“other’’ litter. Annual mean concentrations for these seasonally different 
litterfall fractions, weighted by their seasonal quantities, are shown in Table 
4. Concentrations of root material and fractions that were not significantly 
different seasonally were pooled. 

Size class differences in nutrient concentrations did exist for the fine 
roots. The <1 mm roots were significantly higher in K, Mg, and N. Inexpli- 
cably, the 2-3 mm roots were significantly higher in Ca than larger or 
smaller roots. Samoilova (1968) noted a similar Ca pattern for oak (Quercus 
spp.) roots in the forest steppes of Russia: 1-5 mm roots had considerably 
higher Ca concentrations than larger or smaller roots. Samoliva’s smallest 


TABLE 4. Nutrient concentrations in various detritus components. 


Detritus category K Mg Ca N P 
Roots < 1 mm 0.39 a 0.19 a 0.95 b 1.38 a 0.06 a 
Roots 1-2 mm 0.30 b 0.15 b 1.02 b 0.73 b 0.05 a 
Roots 2-3 mm 0.28 b 0.15b 1.27a 0.66 b 0.06 a 
Roots 3-5 mm 0.31b 0.12 ¢ 0.96 b 0.68 b 0.07 a 
Litter-leaf 0.25 0.11 1.30 1.31 0.08 
Litter-woody 0.06 0.05 1.95 0.97 tr 
Litter-misc. 0.19 0.13 1.23 2i 0.08 


Note: All figures are on an ash-free oven-dry weight basis. Root concentrations with dif- 
ferent letters are significantly different, at the .05 level. For litterfall components, numbers are 
seasonally weighted averages. 
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roots (<0.3 mm) were higher in K but not in Mg. Our concentrations of N 
for the various size classes of roots are very similar to those obtained by 
McClaugherty et al. (1982) for mixed northern hardwoods; N values are also 
close to those published by Cox et al. (1978) for yellow poplar, but almost 
double those for Douglas-fir obtained by Santanonio et al. (1977). Our oak 
root concentrations are lower than Samoilova’s for P (33% lower), Mg 
(40%), and K (58%). Calcium concentrations in both Samoilova’s and our 
oak roots are about 60% higher than those in yellow poplar or Douglas-fir. 


NUTRIENT TRANSFERS 


Total nutrient returns to the soil for each above- and belowground detritus 
component were computed with the assumption that no nutrient retranslo- 
cation occurred during root senescence (Table 5). (Nambiar (1986)! has re- 
cently accumulated evidence indicating that very little nutrient retransloca- 
tion occurs from fine roots of Pinus radiata.) Since nutrient concentrations 
of the major detritus components in our stand are similar, relative returns 
for each element generally follow organic matter proportions. Root turnover 
accounts for about 30% of the detritus. Nitrogen and Ca returns, on a per- 
centage basis, are relatively lower for roots, while K and Mg returns via 
root turnover are higher—about 40% of the total. 

Leaf litter comprises 45% of the total detritus and a similar proportion of 
all nutrients; it is particularly important in P cycling (58%). Woody litter is 
relatively insignificant in all but Ca cycling. Pollen and caterpillar frass were 
notably important in N returns (13%). 


COMPARISON WITH PREVIOUS STUDIES 


Although fine root turnover in this white oak stand was found to be a major 
component of the organic matter budget and the budgets of five major nu- 
trients, the quantity of fine root turnover (220 g m~? yr~?, <5 mm roots) 
was quite low when compared to many previous studies that have used re- 
peated sampling techniques (Table 6). This value is, however, within the 
range recently reported in a study of 13 forest stands in Wisconsin and Mas- 
sachusetts (120—650 g m~? yr—', <3 mm roots) (Aber et al. 1985), in which a 
nitrogen budget technique was employed. 

Whereas Grier et al. (1981) attributed 69% and 55% of net primary pro- 
duction of two Pacific silver fir (Abies amabilis [Dougl.] Forbes) stands to 
fine root production, and Harris et al. (1977), 55-75% of a yellow poplar 


TABLE 5. Annual amounts of organic matter and nutrients returned via root turn- 
over and litterfall. Percentages of total in parentheses. 


Detritus category O.M. N P K Ca Mg 
RT ROA ICT Te KER Sp Taa ANAE 
Roots <1 mm 1060 (14) 14.6 (16) 0.7 (16) 4.1 (23) 10.3 (11) 2.0 (23) 
Roots 1-5 mm 1140 (15) 7.8 (9) 0.7 (16) 3.4 (19) 12.0 (12) 1.6 (18) 
Litter-leaf 3310 (45) 43.2 (48) 2.5 (58) 8.2 (47) 42.9 (44) 3.7 (43) 
Litter-woody 1350 (18) 13.1 (14) tr (0) 0.9 (5) 26.4 (27) 0.7 (8) 
Litter-misc. 520 (7) 12.0 (13) 0.4 (9) 1.0 (6) 6.4 (7) 0.7 (8) 
Total 7370 90.7 4.3 17.6 98.0 8.7 


1! Nambiar, E.K.S. 1986. Personal communication, unpublished abstract from I.U.F.R.O. 
Conference on *‘Roots in Forest Soils: Biology and Symbioses,” August 4-8, 1986, University 
of Victoria, British Columbia, Canada. 
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TABLE 6. Annual turnover and live pool residence time for fine roots (<5 mm): 
Summary of 15 studies of fine root turnover in forested ecosystems. 


Age Total Residence time 
Reference Species (yr) turnover live pool 
Spates gm yr-* ER 
Ovington, et al. 1963 Quercus rubra 50 925 1.6 
Santantonio 1978 Pseudotsuga menziesii 120 620° 1.4 
Santantonio 1978 Pseudotsuga menziesii 170 770° ial 
Santantonio 1978 Pseudotsuga menziesii 70 770° 0.9 
McClaugherty et al. 1982 Pinus resinosa 53 530° 1.1 
McClaugherty et al. 1982 Quercus rubra-Acer- 80 700° 1.2 
Betula 
Persson 1978, 1979 Pinus sylvestris 18 3484 0.44 
Persson 1979, 1980b Pinus sylvestris 120 2184 1.64 
Harris et al. 1977 Liriodendron tulipifera 50 750 0.6° 
Harris et al. 1977 Pinus taeda 14 580° 0.3¢ 
Keyes and Grier 1981 Pseudotsuga menziesii 40 250 1.8 
(high productivity site) 
Keyes and Grier 1981 Pseudotsuga menziesii 40 700 1.5 
(low site) 
Grier et al. 1981 Abies amabilis 23 1000 0.9 
Grier et al, 1981 Abies amabilis 180 1150 1.1 
This study Quercus alba 105 220 4.8 
a Limited samples (n = 10) taken from all size classes of laterals grouped. 


b As measured by summing increments or decrements. 

© Expanded by extrapolation from <3 mm to <5 mm. 

d Data only for <2 mm roots; no turnover detected in larger roots. 
e Assumes 60% of total root pool was alive. 

f Reduced by extrapolation from <10 mm to <5 mm. 


stand’s net primary productivity, our estimates indicate that only about 25% 
of this white oak stand’s net primary productivity is diverted to fine roots. 
This estimate (<5 mm roots) is close, however, to the mean value of 27% 
(<3 mm roots) determined by Nadelhoffer et al. (1985) on nine forest sites in 
Wisconsin and to the values of 14% and 45% (<5 mm roots) determined by 
Keyes and Grier (1981) for two Douglas-fir stands in Washington. 

Nitrogen uptake requirements for fine root production in our white oak 
stand are estimated at 22 kg ha~! yr~'. Other quantitative estimates of ni- 
trogen required for fine root production include 67.5 kg ha~! yr—! [yellow 
poplar (Henderson 1974)], 73-184 kg ha~! yr—! [northern hardwoods 
(McClaugherty et al. 1982)], and 44-122 kg ha~! yr~! [red pine (McClaugh- 
erty et al. 1982)], and 20-79 kg ha~! yr~! [nine stands in Wisconsin (Nadel- 
hoffer et al. 1985)]. Based on calculations from Rochow’s data (1974a, 
1975), our stand accumulates approximately 9 kg ha~! yr~! of N in woody 
biomass production and 70 kg ha~! yr~! are required for foliage production. 
Ignoring throughfall returns, the 22 kg ha~! yr~! for fine root production 
comprises approximately 22% of the total N uptake. This figure is consider- 
ably less than the 33-75 % estimated by others (Henderson 1974, Mitchell 
et al. 1975, McClaugherty et al. 1982, Meier et al. 1985, Nadelhofer et al. 
1985). 

Although methodological differences exist between these fine root turn- 
over studies, the fact that our turnover estimates are lower than most pre- 
vious ones is probably not attributable to methodology. The budget method 
actually gives a less conservative estimate than the usual repeated sampling 
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methods since it allows for the simultaneous measurement of growth and 
mortality and decomposition. Fine root production measurements by the 
budget method were also well corroborated by the simultaneous ingrowth 
core measurements on the same stand. 

Our measurements of root decomposition rates by weight loss from litter 
bags (30-35% annually) agree well with those for mixed northern hard- 
woods, Scots pine (Pinus sylvestris L.), sugar maple and white pine (Pinus 
strobus L.)—12—26% annually (McClaugherty et al. 1982, 1984). Mc- 
Claugherty et al. (1982) assumed larger transfers to the fine organic matter 
pool via fragmentation what we did, but their estimates were not based on 
direct measurements. Consumption by fauna excluded from our litter bags 
might also slightly increase turnover estimates further (Cox et al., 1978). 
McClaugherty et al. (1984) note that increasing litter bag mesh size from 0.1 
to 3.0 mm increased annual weight losses but not statistically significantly; 
these losses were attributed to mesofaunal consumption or loss of material 
through the larger mesh. 

One possible partial explanation of our relatively low turnover estimate 
lies in the hypothesis that turnover is closely related to environmental 
stresses such as drought. The study period was an unusually moist one; for 
only three weeks (S—13 Sept., 1-13 Oct. 1981) did soil moisture drop below 
15%. There is considerable evidence that root mortality is increased in 
droughty periods (Head 1973). Santantonio (1978) found about 25% more 
Douglas-fir fine root turnover on moderate and dry sites than on a wet site. 
Kolesnikov (1968) found that irrigation during a summer drought reduced 
mortality in gooseberry (Ribes spp.) roots slightly (10%). Root shedding in 
gooseberry also varied considerably from year to year, ranging from 25% of 
the standing root biomass to 72%; mortality was higher in drier years. 

A second possible explanation is that fine root turnover may be related to 
the quantity or form of soil nitrogen. Aber et al. (1985) report that am- 
monium-dominated hardwood sites appear to exhibit lower rates of root 
turnover than nitrate-dominated ones. Their two ammonium-dominated oak 
stands in Wisconsin had estimated fine root production rates ranging from 
235 to 340 g m~? yr—! (<3 mm roots), close to our value of 220 g m~? yr! 
(<5 mm roots). Although no N data exist for this site, Vance and Henderson 
(1984) found a similar oak-hickory stand in Missouri to be ammonium-domi- 
nated. Nadelhoffer et al. (1985) also suggest that fine root turnover rates 
may be related to N availability and species composition. 

Such a species difference appears to be another plausible explanation of 
the discrepancy between our white oak data and many previous estimates. 
Just as many evergreen species maintain their leaves for several years, so 
might white oak produce and maintain a fine root system to outlast a single 
growing season. Other examples of long-lived fine roots (3.5 to 8 years) do 
exist (Bosse 1960, in Head 1973, Orlov 1966, 1968, McGinty 1976, Trappe 
and Fogel 1977, Alexander and Fairly 1983). 

If large site and/or species differences in fine root lifespans do exist, 
stands that maintain fine roots for relatively long periods of time could be 
more or less efficient in the use of carbon sources depending on the relative 
costs of maintenance and new growth. In either case, individual trees of 
such stands would be, in this respect, more conservative in nutrient use 
than those with high turnover rates. If fine root turnover commonly exhibits 
high variability between species and/or between sites within the same 
species and/or between years within the same stand, extrapolations to other 
years, stands, or species become quite tenuous. 
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